Background/Aims: Hydrogen sulfide (H 2 S) is a powerful inhibitor of cardiomyocytes apoptosis following ischemia/reperfusion (IR) injury, but the underlying mechanism remains unclear. Our previous study showed that microRNA-1 (miR-1) was upregulated by 2.21 fold in the IR group compared with that in the H 2 S preconditioned group. MiR-206 affected the process of cardiomyocytes hypertrophy by regulating histone deacetylase 4 (HDAC4). HDAC4 is also known to play an anti-apoptotic role in tumor cells, but its role in the myocardium has not been reported. The aim of this study was to test whether H 2 S could inhibit apoptosis of cardiomyocytes through HDAC4 regulation by miR-1 in IR. Methods: Cardiomyocytes of neonatal rats were subjected to hypoxia/reoxygenation (HR) injury with or without H 2 S pretreatment to simulate IR injury. Cardiomyocytes were transfected with miR-1 mimic or HDAC4 siRNA to evaluate whether the miR-1-HDAC4 signaling pathway was involved in the protective effect of H 2 S. Results: HR increased cell apoptosis and caspase-3 cleavage, upregulated miR-1, and downregulated HDAC4. H 2 S preconditioning attenuated the apoptosis of cardiomyocytes, caspase-3 cleavage and LDH release, and enhanced cell viability. In addition, H 2 S downregulated miR-1, and preserved HDAC4 expression. HDAC4 protein was downregulated by miR-1 mimic. Transfection of cardiomyocytes with miR-1 mimic partially reduced the protective effect of H 2 S. Meanwhile, transfection of cardiomyocytes with siRNA to HDAC4 partially abrogated the protective effect of H 2 S. Conclusions: The miR-1-HDAC4 signaling pathway is involved in the protective effect of H 2 S against the apoptosis of cardiomyocytes during the IR injury process.
Introduction
Hydrogen sulfide has been regarded along with carbon monoxide (CO) and nitric oxide (NO) as an endogenous gaseous mediator. Many studies have reported that H 2 S play an important endogenous protective effect against myocardial IR [1] . However, there are still lots of unanswered questions surrounding its physiological and pathophysiological relevance and roles, notably relating to specific molecular targets of H 2 S and mechanisms of action.
MicroRNAs (miRNAs) are a recently discovered class of small noncoding RNAs that regulate gene expression. These small noncoding transcripts of 18 to 25 nucleotides modulate protein expression by binding to complementary or partially complementary target mRNAs and thereby targeting the mRNA for degradation or translational inhibition. The discovery of microRNAs has broadened our understanding of the mechanisms that regulate gene expression with the addition of an entirely novel level of regulatory control. Recent studies have demonstrated that microRNA (miR) is involved in multiple physiological and pathological processes including apoptosis by regulating the expression of related genes at the post transcriptional level [2] . MiR-1 is highly expressed and tissue specific in cardiac and skeletal muscles [3] . Our previous study [4] showed that miR-1 was upregulated by 2.21 fold in IR group compared with that in H 2 S preconditioned group, and that H 2 S played an unambiguous protective role in cardiomyocytes induced by IR via regulating the expression of miR-1 and apoptosis-related genes.
HDACs, chief mediators of epigenetic gene silencing, remove acetyl groups at the e-amino groups of lysine residues of histones. HDACs are grouped into distinct subfamilies by sequence similarities and structural features. HDAC4 is the member of the class IIa subfamily, which was involved in many physiological and pathological processes. For example, HDAC4 knockout mice display premature ossification of developing bones as a result of early onset of chondrocyte hypertrophy, an effect mediated by loss of HDAC4-induced repression of Runx2. HDAC4 also regulates skeletal muscle differentiation through its interaction with the myogenic transcription factor, MEF2. However, the anti-apoptotic effect of HDAC4 in previous studies was mainly described in cancer cells or skeletal muscle and its role in cardiomyocytes is unresolved. Meanwhile, other studies [5] demonstrated that miR-206 affected the process of cardiomyocyte hypertrophy by regulating histone deacetylase 4 (HDAC4). It suggests that some miRs may regulate the expression of HDAC4. So, the purpose of the present study was to evaluate whether the miR-1 regulated HDAC4 pathway was involved in the protective effect of H 2 S on IR-induced apoptosis in cariomyocytes.
Materials and Methods

Isolation of neonatal cardiomyocytes and cell culture
Cardiac ventricle myocytes were isolated from 3-day-old new born Sprague-Dawley (SD) rats, and cultured as described previously [6] .
Establishment of the in vitro cardiomyocyte hypoxia/reoxygenation (HR) model
To simulate myocardial IR in vivo, cardiomyocytes were cultured in serum-free DMEM for 24 h in a 37°C incubator with a hypoxic atmosphere (3% O2, 92% N2, and 5% CO2), and then in a reoxygenation atmosphere (5% CO2, and 95% air) at 37°C for 2 has described previously [4] .
To determine the role of H2S in cardiomyocyte apoptosis induced by HR, 10, 30, 50 or 100 μM NaHS (an H2S donor) was added to the medium at 30 min prior to HR as described previously [7] . The cardiomyocytes were assigned to six groups: control group (CON group), in which the cardiomyocytes were cultured for 26 h under normal oxygenation conditions (5% CO2, and 95% air); HR group, in which the cardiomyocytes were subjected to HR; and four (S10+HR, S30+HR, S50+HR, S100+HR) H2S precondition groups, in which the cardiomyocytes were pretreated with 10, 30, 50, or 100 μM NaHS and then subjected to HR.
Establishment of the in vivo myocardium IR injury model
SD rats (250-300g) were anesthetized with 10% chloral hydrate (300mg/kg) intraperitoneally (i.p.) before endotracheal intubation. IR was induced by ligating the left anterior descending artery for 30 min, followed by loosening the ligature for 120 min, as described previously [4] .
Twenty-four rats were equally randomized to three groups: Sham group, in which the rats underwent thoracotomy without ligation; IR group, in which the rats were treated with IR; and H2S group, in which the rats were administered 30 μmol/kg NaHS i.p. for 30 min prior to IR in addition to the same treatment as that in IR group, as described previously [4] .
Lactate dehydrogenase (LDH) assay
The conditioned cell culture supernatant (200 µl) was collected after HR to determine LDH levels using a spectrophotometric kit (Roche Diagnostics), according to the manufacturer's instructions, as previously described [8] .
MTT assay
After HR injury, cell viability was evaluated by 3-[4,5-dimethylthiazol-2-yl]-2,5-diphenyl tetrazolium bromide (MTT) assay based on the reduction of MTT (Sigma-Aldrich) by functional mitochondria to formazan, as described previously [9] .
Flow cytometry analysis of apoptosis
The cardiomyocytes were harvested, stained with annexin V/PI as previously described [10] , and analyzed for apoptosis by flow cytometry (Becton-Dickinson, Franklin Lakes, NJ, USA) at an excitation wavelength of 488 nm and an emission wavelength of 615 nm, according to the manufacturer's instructions. Table 1 . Primers used for quantitative real-time RT-PCR. * These are the primers used for quantitative real-time RT-PCR. RT-primer was used for reverse transcription to obtain a cDNA segment of miR-1 Table 2 . The sequences of miR-1 mimic and scrambled RNA. * These are the sequences of miR-1 mimic and scrambled RNA, used to upregulate cardiomyocyte miR-1 Table 3 . The sequences of siHDAC4 and scrambled RNA. * These are the sequences of siHDAC4 and scrambled RNA to knockdown cardiomyocyte HDAC4 protein
Infarct size measurement
The infarct size of the myocardium was measured as previously described [6] . The extent of myocardial infarction was evaluated after reperfusion. Representative photographs of midventricular cross sections of the Evans blue and TTC-stained hearts were taken. The infarct area was determined by computerized planimetry.
TUNEL staining
The myocardial tissue sample was sliced into 4-μm-thick sections for apoptotic assessment with terminal deoxynucleotidyl transferase (TDT)-mediated DNA nick-end labeling (TUNEL) assay as previously described [11] . The apoptosis rate was calculated by randomly selecting five non-overlapping areas of the IR injury area at 400× high-power field. From these regions, the number of apoptotic cells and total cardiomyocytes were counted. The apoptosis rate refers to the number of apoptotic cells divided by the total number of cardiomyocytes ×100%. (A) Viability of cardiomyocytes was decreased after they were subjected to HR (* P < 0.01 vs. CON). Pre-treatment with H 2 S enhanced cell survival in 30 µM group (# P < 0.01 vs. HR), n = 5 for each group. (B) LDH levels was increased as cardiomyocytes were subjected to HR injury (* P < 0.01 vs. CON). H 2 S blunted this effect at a concentration of 30 µM (# P < 0.01 vs. HR), n = 5 for each group. (C) The apoptosis rates was increased after HR injury (*P < 0.01 vs. CON), while H 2 S attenuated HR-induced apoptosis in 30 µM group (# P < 0.01 vs. HR), n = 5 for each group. (D) Caspase-3 cleavage was increased after HR injury (* P < 0.01 vs. CON), while H 2 S decreased its expression in 30 µM group (# P < 0.01 vs. HR), n = 5 for each group.
Real-Time RT-PCR
Total RNA from cardiomyocytes was extracted and then reverse transcribed to generate cDNA. The mRNA of HDAC4 and miR-1 was quantified by quantitative real-time RT-PCR in duplicate samples using the Rotor Gene 3000 (Corbett Research, Sydney, Australia). The annealing temperature of miR-1 was 60°C, and the annealing temperature of HDAC4 and β-actin was 58°C. The primer sequences are shown in Table 1 .
Western blotting analysis
The protein expression of HDAC4, β-Actin, procaspase-3 and caspase-3 cleavage were detected by Western blotting analysis, as previously described [12, 13] . All antibodies were purchased from Sigma (USA).
MiR-1 mimic synthesis and stimulation on cardiomyocytes
MiR-1 nucleotide (MIMAT0003125) and scrambled RNA were synthesized by Shanghai GenePharma Corporation (China) ( Table 2 ). The dosages of mimic and scrambled RNA were determined according to the manual. The nucleotides were transfected with the siPORTNeoFX Transfection Agent (Invitrogen). MiR-1 was quantified in the different groups to determine the efficiency of transfection.
To see how miR-1 regulated HDAC4 expression, cardiomyocytes were divided into six groups: control group (CON group), mock transfected (MT, transfected with scrambled RNA) group and four (10, 30, 50 or 100 µM) mimic groups (transfected with miR-1 mimic). The RNA was transfected into the cells for 24 h, and HDAC4 protein was measured by immunoblotting.
RNA interference
Using the bioinformatics method, three different loci small interfering RNA (siRNA) of HDAC4 (siHDAC4) were predicted and synthesized (Table 3 ). All the RNAs were custom-synthesized by Shanghai GenePharma Corporation. Transfection of siHDAC4 was performed by using siPORTNeoFx transfection agent according to the manual. The different siHDAC4 agents were transfected into the cardiomyocytes for 24 h respectively, and HDAC4 protein was measured by immunoblotting to confirm their interfering efficiency. 
Statistical analysis
Quantitative data are presented as mean ± standard error of the mean (SEM). Statistical significance was determined using one-way or two-way ANOVA. Significance was established at the P < 0.05 level.
H 2 S regulates miR-1 and HDAC4 expression in vitro
MiR-1 expression was upregulated after HR treatment. 30 µM NaHS downregulated miR-1 expression significantly ( Fig. 2A) . Meanwhile, HDAC4 mRNA and protein expression was also downregulated after HR, while both were preserved by 30 µM H 2 S (Fig. 2B and C) .
H 2 S regulates miR-1 and HDAC-4 expression in vivo
Similar to the findings in vitro, the in vivo infarct size in H 2 S group was smaller than that in IR group (Fig. 3A) . The number of TUNEL staining positive cardiomyocytes in IR group was greater than that in Sham group, while H 2 S significantly reduced the number of apoptotic cells compared with IR group (Fig. 3B) . MiR-1 expression was up-regulated by IR and down-regulated by H 2 S during IR in vivo (Fig. 3C) . In contrast, HDAC4 mRNA and protein expressions were down-regulated by IR, while both were preserved by H 2 S (Fig. 3D and E) .
MiR-1 regulates HDAC4 protein expression
According to Targetscan and miR Base algorithms, two target sites at 3271-3301 and 3313-3338 of HDAC4 3' UTR were recognized by miR-1 (Fig. 4A) , suggesting that HDAC4 may be one of the miR-1 potential downstream target genes. Different concentrations of miR-1 mimic were transfected into cardiomyocytes. MiR-1 expression was the highest in 50 µM and 100 µM groups. As there was no statistically significant difference between the two doses, 50 µM mimic was selected for further experiments (Fig. 4B) .
HDAC4 was decreased in a dose dependent manner in miR-1 mimic groups compared with the MT group. HDAC4 protein decreased the most significantly in 50 µM group compared with that in MT (Fig. 4C) . Thus, 50 µM mimic was used for further experiments. These results indicated that miR-1 inhibited the synthesis of HDAC4 protein, probably through a posttranscriptional mechanism.
MiR-1 is involved in H 2 S protecting cardiomyocytes against apoptosis
To investigate whether miR-1 was involved in the protective effect of H 2 S against HR-induced apoptosis, miR-1 levels were upregulated by mimic. The cardiomycytes were transfected with miR-1 mimic, preconditioned with 30 µM NaHS, and then subjected to HR. No significant difference in cell viability was observed between MT group and MT+H 2 S group. Compared with the MT group, cell viability in the mimic group was decreased, suggesting that upregulation of miR-1 was detrimental to cell function. Cell viability in mimic+HR group was decreased compared with that in MT+HR group. Cell viability in HR+mimic+H 2 S group was decreased compared with that in HR+MT+H 2 S group. After upregulation of miR-1 and HR injury, H 2 S pretreatment did not upregulate cell viability significantly (Fig. 5A) , suggesting that upregulating miR-1expression could partially abrogate the protective effect of H 2 S on cardiomyocyte viability.
There was no significant difference in the apoptosis rate between MT group and MT+H 2 S group. However, compared with MT group, the apoptosis rate in mimic group was increased, suggesting that upregulation of miR-1 could increase apoptosis. After HR, the apoptosis Cell viability in HR+mimic+H 2 S group was decreased compared with HR+MT+H 2 S group ( § P < 0.05 vs. HR+MT+H 2 S). As was the case with HR injury and mimic treatment, H 2 S pretreatment did not upregulate myocardial cell viability significantly, n = 5 for each group. (B) Compared with MT group, cell apoptosis rate in mimic group was increased (* P < 0.05 vs. MT). The cell apoptosis rate in mimic+HR group was increased compared with MT+HR group (# P < 0.01 vs. MT+HR). The cell apoptosis rate in HR+mimic+H 2 S group was increased compared with HR+MT+H 2 S group ( §P<0.05 vs. HR+MT+H 2 S). For HR injury and mimic treatment, H 2 S pretreatment did not downregulate myocardial cell apoptosis significantly, n = 5 for each group. (C) MiR-1 mimic decreased the expression of HADC4 (* P < 0.01 vs. MT). After HR injury, HDAC4 in mimic+HR was lower than that in MT+H 2 S (# P < 0.05 vs. MT+HR). HDAC4 in HR+mimic+H 2 S group was decreased compared with HR+MT+H 2 S group ( § P < 0.05 vs. HR+MT+H 2 S). For HR injury and mimic treatment, H 2 S pretreatment did not upregulate HDAC4 significantly, n = 5 for each group.
injury, H 2 S did not downregulate the cell apoptosis rate significantly. These results suggest that miR-1 could partially abrogate the protective effects of H 2 S on cardiomyocyte apoptosis (Fig. 5B) .
MiR-1 mimic decreased HADC4 expression. When cardiomyocytes were subjected to HR in combination with miR-1 overexpression, H 2 S pretreatment could not normalize the expression level of HDAC4 (Fig. 5C ).
HDAC4 is involved in H 2 S protecting cardiomyocytes against apoptosis
To investigate whether HDAC4 was involved in the protective effect of H 2 S against HRinduced apoptosis, HDAC4 levels were downregulated by siHDAC4. HDAC4 protein was reduced significantly in S1 siHDAC4 and S2 siHDAC4 groups, especially in S2 siHDAC4 group, and therefore S2 siHDAC4 was selected for subsequent experiments (Fig. 6A) .
The cardiomycytes were transfected with siHDAC4, preconditioned with 30 µM NaHS, and then subjected to HR. No significant difference in cell viability was found between MT group and MT+H 2 S group. Compared with MT group, cell viability in siHDAC4 group was decreased, suggesting that downregulation of HDAC4 could reduce cell vitality. In addition, cell viability in siHDAC4+HR group was decreased compared with that in MT+HR group. Following H 2 S pretreatment and HR, cell viability in HR+siHDAC4+H 2 S group was decreased compared with that in HR+MT+H 2 S group. Moreover, following HR injury and siHDAC4 transfection, H 2 S pretreatment did not upregulate myocardial cell viability significantly (Fig.  6B) .
No significant difference in cell apoptosis was found between MT group and MT+H 2 S group. Compared with MT group, cell apoptosis in siHDAC4 group was increased, suggesting that downregulation of HDAC4 could increase cell apoptosis. Following HR damage, cell apoptosis in siHDAC4+HR group was increased compared with MT+HR group. Cell apoptosis in HR+siHDAC4+H 2 S group was increased compared with that in HR+MT+H 2 S group. Following the same HR injury and siHDAC4 transfection, H 2 S pretreatment did not upregulate cardiomyocytes apoptosis significantly (Fig. 6C) .
siHDAC4 decreased the expression of HDAC4 in cardiomyocytes. Following siHDAC4 transfection and HR, H 2 S did not normalize HDAC4 expression significantly (Fig. 6D) .
Discussion
Blood perfusion to the ischemic myocardium is known to increase cardiac structural damage and functional impairment, which is known as IR injury [12, 14] . In recent years, studies have shown that some drugs could protect the heart from IR Injury by attenuating mycardiocytes apoptosis [15, 16] . It also has been found that H 2 S has an important endogenous protective effect against myocardial IR injury, thus improving the heart function by reducing the infarct size and inhibiting apoptosis of myocardial cells [17] . H 2 S is a gasotransmitter, and the third endogenous gaseous molecule that has a biological activity after exposure to nitric oxide (NO) and carbon monoxide (CO) [18] , followed by ammonium which has been suggested as the fourth one [19] .
H 2 S is widely and extensively involved in many important physiolopathological processes in multiple organs [20] . The protective effect of H 2 S on myocardial IR injury might be closely related to intervening the expression of apoptosis-related genes [21] . Some H 2 S related drugs have been entered into Phase II clinical trials and are expected to be put into clinical use in the near future.
In this study, the β-actin gene was chosen as the housekeeping gene. Other researchers used β-actin as a housekeeping gene in neonatal rat cardiomyocytes [13] . In our laboratory there was some experience in terms of detection of β-actin in neonatal cardiomyocytes [12] . It was found that 30 μM H 2 S exhibited an obvious protective effect. Nevertheless, our results demonstrated that 30 μM H 2 S could inhibit myocardial apoptosis, reduce the myocardial IR injury and promote cardiac function.
MiRs are known to play an important role in the regulation of gene expression at post transcriptional levels. MiR-21 could regulate endogenous H 2 S by repressing the cystathionine-γ-lyase expression [22] . However whether exogenous H 2 S could regulate cell pathophysiology by miRs remains uncertain. In our previous study, we found that miR-1 expression underwent a significant change in IR group compared with H 2 S preconditioned group.
Histone deacetylation alters chromosome structure and affects transcription factor access to DNA. This protein does not bind to DNA directly but through transcription factors, MEF2C and MEF2D, which play a critical role in transcriptional regulation [23] . HDAC4 is known to play a clear anti-apoptotic role in various tumor cells. HDAC4 regulates neuronal survival in normal and diseased retinas [24] . However, the role of HDAC4 in cardiomyocytes remains unclear. Our study provided direct evidence to show the involvement of HDAC4 in apoptosis of cardiomyocytes.
Our results showed that miR-1 expression was decreased in cardiomyocytes pretreated with 30 μM H 2 S. In contrast, 30 μM H 2 S could upregulate the expression of HDAC4, which is consistent with the protective effect of H 2 S and inhibition of myocardial IR-induced apoptosis of cardiomyoctyes. Together with the prediction results of bioinformatics, these data suggest that miR-1 might regulate the expression of HDAC4. In order to confirm this hypothesis, cardiomyocytes were transfected with miR-1 mimic. It was found that the protein expression of HDAC4 correlated with the amount of the transfected mimic, indicating that the miR-1 could regulate HDAC4 protein expression, which suggests that HDAC4 is one of the downstream target genes of miR-1. The generation process of miRNA is complex, and H 2 S may affect the key enzymes of formation and maturation to regulate the miR-1 expression, such as Drosha and Dicer. Its exact mechanism is unclear and will be explored in our ongoing study.
To study whether the miR-1-HDAC4 signal pathway was involved in the protective effect of H 2 S against myocardial IR injury, myocardial cells were transfected with miR-1 mimic or siHDAC4. It was found that miR-1 mimic could bind to the corresponding specific site of the target genes, and played a regulatory role in the post-transcriptional level as the endogenous miR-1. The protective and anti-apoptotic effects of H 2 S were significantly reduced in these mimic transfected cells' suggesting that miR-1 was involved in the protective effect of H 2 S. Similarly, in these cells transfected by siHDAC4, the protective and anti-apoptotic effects of H 2 S were also significantly reduced, suggesting that HDAC4 was also involved in the protective effect of H 2 S.
In summary, our results indicate that miR-1-HDAC4 signaling pathway is involved in the inhibitory effect of H 2 S against IR-induced apoptosis of cardiomyocytes.
